Abstract: This communication reports the time-dependent viscometric behaviour of amphiphilic pullulan (with varied amount of grafted octyl groups, C 8 ) solutions as a function of age and temperature. For lower C 8 amount, no ageing effects were observed. With high amount of octyl-bearing groups, the solution exhibits a strong increase of viscosity caused by an increase of intermolecular associations and the simultaneous decrease of intramolecular associations. After longer time, a collapse of chains has been observed. This behaviour is favoured with concentration and temperature. These results evidence the metastable character of amphiphilic polymers in aqueous solution.
Introduction
Depending on their hydrophilic-lipophilic balance, i.e., on both the extent and the length of hydrophobic substitution, water-soluble amphiphilic polymers can behave as polysoaps [1] [2] and/or associating polymers [3] [4] [5] . They possess properties superior to those of conventional hydrophilic polymers. Therefore, amphiphilic polymers are of growing interest and can be used as surfactants for the solubilization of hydrophobic proteins [6] [7] , dispersion stabilizers [8] [9] , surface modifiers [10] or as agents for controlling the rheology of aqueous phases [5, 11] . An abundant literature concerns a large variety of associating polymers differing by the nature of the main chain, the location, the nature and the extent of hydrophobic groups. For many applications and mainly for improving the rheology of dispersions a compromise between optimal hydrophobic characteristics and water solubility must be found. Some studies have reported the metastable character of amphiphilic polymers derived from hydroxyethylcellulose [12] , carboxymethylpullulan [13] and maleic anhydride/ethyl vinyl ether copolymers [14] . However only Esquenet and Buhler [15] have studied in more detail the ageing of solutions of chitosan modified with 2% of C 6 -C 14 alkyl groups.
This work concerns associating polysaccharides -more precisely amphiphilic carboxymethylpullulans -differing by their degree of pendent octyl groups (0 to 45%). In a recent paper [16] we have shown that a competition between intramolecular and intermolecular hydrophobic interactions could explain the viscosity profile reported in Fig. 1 . Here we want to point out the metastable state of dilute and semi-dilute solutions of carboxymethylpullulans bearing 0 to 45% of octyl groups (CMP-x-C8). The aim of the present work is to evidence the metastable state of dilute and semi-dilute solutions by following their viscosity changing as a function of time and temperature. 
Experimental part
Pullulan (a flexible, neutral and linear polysaccharide) was purchased from Hayashibara Biochemical Laboratory (Okayama, Japan). The other compounds are commercially available and used without further purification. Water was from a Milli-Q water reagent system. Synthesis and characterisation of hydrophobically modified carboxymethylpullulans (HMCMP) have been described earlier [17, 18] . HMCMPs modified by octyl groups (C 8 ) will be decoded by CMP-x-C 8 with x the number of octyl groups per 100 anhydroglucose units (AGU). The polymer was dissolved in Milli-Q water and stirred for 2 days, then the required amount of NaCl was added and the solution was again stirred during 24 h. All samples were analysed in their fully ionised form (buffer pH 7). All the solutions contained a bactericide (0.02% NaN 3 ) in order to avoid any polysaccharide degradation phenomenon by bacteria, which would perturb observations.
Viscosity measurements were performed using a Contraves LS30 viscometer in the Newtonian domain at low shear rate (≈ 5 s -1 ) unless otherwise specified in the text.
Results and discussion
The viscosities of CMP and CMP-x-C 8 (x = 7, 23, 33 and 45%) have been measured in salt medium for two polymer concentrations (6 and 15 g/L) and two temperatures (25 and 40°C). The polymer solutions do not show any detectable evolution with time (during 3 months). This differs from hydrophobically modified hydroxyethylcellulose, which precipitates in some cases [19] . For lower degree of octyl substitution (CMP-7-C 8 ) and whatever the temperature, no viscosity change is evidenced. This agrees with the data reported by Esquenet and Buhler, which indicate that a solution of polysaccharide bearing very few alkyl groups is stable.
Dilute solutions
For higher degrees of substitution (CMP-23-C 8 and CMP-45-C 8 ) a both time-and temperature-dependent viscosity is observed. This kind of behaviour indicates that the solutions are metastable. Viscosity of CMP-23-C 8 first increases, then reaches a plateau after 30 days at 25°C, and presents a maximum after about 15 days at 40°C. Solutions of CMP-45-C 8 show a slight and continuous increase of viscosity at 25°C and reach a plateau after 50 days at 40°C.
As reported in a previous work [19] the critical concentration of CMP-23-C 8 at 25°C is close to the concentration used here for the viscosity measurements (6 g/L). Under this condition intermolecular hydrophobic interactions are probably present and are responsible for the viscosity increase. This phenomenon is time-and temperaturedependent and occurs earlier with increasing temperature (10 days at 40°C against 1 month at 25°C). No plateau is observed at 40°C and the viscosity decreases after 10 days. This can be the consequence of a collapse of polymeric coils due to the strengthening of hydrophobic associations at higher temperature. Such a phenomenon has already been observed for amphiphilic hydroxyethylcellulose [19] .
In the case of CMP-45-C 8 , which has a very compact conformation in solution due to the existence of intramolecular hydrophobic associations [19] , the critical concentration is much lower than 6 g/L. The viscosity increase we observed with time could be explained by a shift of intramolecular to intermolecular associations or to a reorganization of intramolecular associations due to sterical stresses. Such a phenomenon is favoured with increasing temperature, thus explaining why a plateau is reached after 50 days at 40°C.
Semi-dilute solutions
In Fig. 3a and b are represented the viscosity changes of 15 g/L solutions of CMP, CMP-23-C 8 and CMP-33-C 8 measured at 25 and 40°C. At 25°C, CMP-23-C 8 and CMP-33-C 8 are clearly in the semi-dilute regime whereas CMP is in an intermediary domain between dilute and semi-dilute. As for dilute solutions, while the CMP precursor does not evidence evolution of its behaviour with both time and temperature, hydrophobically modified CMP (23 and 33% of C 8 ) solutions are strongly affected by these parameters. At 25°C, solutions of HMCMP present a strong viscosity increase until reaching values too high to be measured with the used viscometer. A strong increase is also visible at 40°C, weaker than at 25°C, after which viscosity falls brutally. This argues that the temperature seems to increase the kinetics of the observed phenomenon.
In order to explain these evolutions we must recall that polymers are in a semi-dilute medium. This means that associating polymer chains are not isolated in solution and are able to establish both intra-and/or intermolecular hydrophobic associations that can lead to the formation of a three-dimensional network. It must be noticed that for higher viscosity values, polymer solutions are shear thickening for shear rates close to 5 s -1 which is consistent with the existence of an associating polymer network [20] [21] [22] .
The strong increase of viscosity observed at 25°C evidences a strengthening of the network due to an increase of intermolecular hydrophobic associations that can originate from a transition of residual intramolecular interactions into intermolecular ones. As in the dilute regime, this phenomenon should be explained by a better thermodynamical state according to a decrease of sterical stress caused by intramolecular associations. It can be seen that the increase of viscosity occurs earlier in the case of CMP-23-C 8 than for CMP-33-C 8 . During the solubilization step of CMP-33-C 8 , the ratio of intra-to intermolecular associations could be higher than for CMP-23-C 8 , resulting in a longer time for the transition toward intermolecular hydrophobic associations.
At 40°C, the decrease of viscosity can be attributed to a beginning of polymer chain collapse preceding the precipitation of CMP-23-C 8 and CMP-33-C 8 . Probably the state behaviour can be anticipated at 25°C at longer times.
The data reported here show that a competition between intra-and intermolecular hydrophobic associations should exist as reported earlier [16] .
